ABSTRACT: Infectious pancreatic necrosis (IPN) is a contagious viral disease of fish that causes economic losses in aquaculture worldwide. In Finland, IPN virus (IPNV) has been isolated since 1987 from adult fish showing no signs of clinical disease at fish farms located in the coastal areas of the Baltic Sea. The inland area of Finland, however, remained free of IPN until 2012, when fish on several rainbow trout farms were diagnosed IPNV-positive. The fish mortalities detected at the farms were low, but clinical signs and histopathological changes typical for IPNV infection were seen in juvenile salmonids. IPNV was isolated at high water temperatures up to 22°C. In 2013 and 2014, IPNV detections continued at inland farms, indicating that infections have spread. The aim of this study was to describe the epidemiology of the outbreak and to characterise the Finnish inland IPNV isolates using histopathological, immunohistochemical and genetic approaches. In order to determine the epidemiological origin of the inland IPNV infections, the partial viral capsid protein (VP2) gene sequences of the inland IPNV isolates were compared with the sequences of the isolates from the coastal farms. Based on the genetic analysis, the inland isolates belong to IPNV Genogroup 2 (Serotype A3/Ab), and the origin of the isolates appears to be one or several coastal fish farms.
INTRODUCTION
Infectious pancreatic necrosis virus (IPNV) is the causal agent of one of the most important viral diseases of farmed salmonid fishes, infectious pancreatic necrosis (IPN). IPNV is a small double-stranded RNA virus belonging to the family Birnaviridae, genus Aquabirnavirus (Dobos 1995) . The host range of aquabirnaviruses includes several species of fish, crustaceans and molluscs (Rodriguez Saint-Jean et al. 2003) . The rainbow trout is considered one of the most susceptible species to IPN (Hill 1982) . IPNV causes disease in young salmonids, with clinical signs such as darkening of the skin, exophthalmia, abdominal swelling and aberrant swimming behaviour. Mortalities vary, with mortality rates of up to 100% described in young first-feeding fry (Smail et al. 1992 , Reno 1999 .
The pathogenicity of the virus depends on the viral isolate, as well as on the age and physical condition of the fish (Taksdal et al. 1998 , Bruslind & Reno 2000 , Houston et al. 2010 . Additionally, survivors of IPNV infection may become sub-clinical carriers of the virus for the rest of their lives (Smail & Munro 1985 , Bootland et al. 1991 , Johansen & Sommer 1995 . Aquabirnaviruses are globally distributed in the aquatic environment, and IPNV is widespread in salmonid-producing countries in Europe (Ariel & Olesen 2002) . Three species of Aquabirnavirus have been identified: IPNV is the type species of the genus, with the other 2 being Tellina virus and Yellowtail ascites virus (YTAV) (Delmas et al. 2012) .
Based on their antigenic properties, aquabirnaviruses are divided into 9 serotypes within Serogroup A: A1 (reference strain West Buxton), A2 (Sp), A3 (Ab), A4 (Hecht), A5 (Tellina), A6 (Canada 1), A7 (Canada 2), A8 (Canada 3) and A9 (Jasper) (Hill & Way 1995) . Furthermore, 7 different genogroups for aquabirnaviruses (1−7) have been described, with the grouping mainly being based on the viral VP2 gene sequences (Blake et al. 2001 , Nishizawa et al. 2005 . The serological classification has also been shown to correlate with the genogroups: Genogroup 1 contains isolates from Serotypes A1 and A9, Genogroup 2 from Serotype A3, Genogroup 3 from Serotypes A5 and A6, Genogroup 4 from Serotypes A7 and A8, Genogroup 5 from Serotype A2, and Genogroup 6 from Serotype A4 (Blake et al. 2001 ). Nishizawa et al. (2005) introduced an additional Genogroup 7 composed of YTAV and aquabirnaviruses from marine fish and molluscan shellfish.
IPN was first reported in Finland in 1984 from a sea cage farm rearing rainbow trout in the southwestern coastal area (National Veterinary Institute of Finland 1985) and has occurred annually since 1987 in the coastal area of Finland for several decades without causing clinical disease or increased mortalities. The inland area of Finland has an IPN-free status according to European Council Decision 2010/221/EU. When IPN was detected at several inland farms in 2012−2013, the estimated eradication costs were enormous compared to the expected benefits, and eradication of IPNV from continental Finland was not considered feasible. Finnish authorities decided to limit the national control programme to IPN virus strains belonging to Genogroup 5, which are known to be highly pathogenic, causing mortality and clinical disease. In this article, an overview of the current ongoing epidemic is presented and the possible origin of the infections is discussed.
MATERIALS AND METHODS

Origin of fish samples
Viral samples for this study were collected from fish sent to the laboratories of the Finnish Food Safety Authority Evira for miscellaneous health screening purposes or investigation of clinical disease in 2012− 2014. The studied fish originated from fish farms located in both the inland freshwater areas of Finland, and in the Finnish coastal area of the Baltic Sea. During 2012 and 2013, 11 IPNV-positive farms were found in the inland area of Finland previously considered free from IPNV infection. Of the IPNV-positive farms, 6 produced juvenile fish, 3 were broodfish farms, and 2 farms produced fish for human consumption. One farm had a recirculation aquaculture system (RAS), while the others employed conventional flow-through systems. All the farms used nondisinfected surface water. The positive inland farms are located above barriers to the migration of wild fish from the sea, and fish movement from the sea area to inland waters is restricted by law. The primary detection of IPNV in the inland area was carried out from samples sent to the laboratory for disease investigations (4 farms), routine risk-based surveillance (3 farms), surveillance of farms having contact with an IPNV-positive farm (2 farms) or for health screening for export (2 farms). All IPNV-positive fish were rainbow trout Oncorhynchus mykiss aged 0 or 1 yr, except for 2 detections from whitefish Coregonus lavaretus (broodfish and 0 yr) (see Table 1 ). Viral samples collected from the coastal area consisted of samples sent for routine risk-based surveillance or disease investigations and came from farms producing rainbow trout food fish. Epidemiological data were collected by municipal or provincial veterinarians or via personal surveys of the farms carried out by the authors. Data collected previously by personal communications from coastal farms were also used.
The samples consisted of whole fish on ice, live fish or ovarian fluids. The whole fish were necropsied, and pooled organ samples were taken for virus isolation by cell culture. When clinical signs of disease were noted, samples were taken for histopathology and bacteriology.
Histological and immunohistochemical detection of IPN virus
Tissue samples were collected at necropsy from fish showing macroscopic signs of disease, fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned (4 µm), stained with haematoxylin and eosin (H&E) according to standard laboratory practice and examined by light microscopy. Formalinfixed paraffin-embedded tissues cut into 4 µm sections were stained immunohistochemically using an UltraVision ONE HRP polymer detection system kit (Thermo Fisher Scientific) according to the manufacturer's instructions, after incubation with either a monoclonal antibody against VP2 protein of IPNV (Aquatic Diagnostic) at a dilution of 1:10 for 60 min at room temperature (RT) or a rabbit anti-IPN virus serum (provided by Professor Ø. Evensen, Norwegian School of Veterinary Science, Norway) at a dilution of 1:1000 for 60 min at RT. Slides were observed microscopically for localization of IPNV, as indicated by red/brown staining. IPNV-positive and IPNV-negative slides were included as controls.
Virus isolation
Virus isolations were carried out from pooled organ samples or ovarian fluids. Pooled brain, anterior kidney and spleen tissue or ovarian fluids from a maximum of 10 fish were homogenised in 9 volumes of cell culture medium (Eagle's MEM, Gibco plus 8 to 10% foetal bovine serum; pH 7.2 to 7.4) containing penicillin and streptomycin. Homogenates were centrifuged (15 min, 4000 × g, 4°C) and the supernatants inoculated onto subconfluent monolayer cell cultures of bluegill fry (BF-2; Wolf et al. 1966 ) and epithelioma papulosum cyprini (EPC; Fijan et al. 1983 ) cultures in 24-well plates (Nunc A/S) at final dilutions of 1:100 and 1:1000. The inoculated cultures were incubated at 16°C (buffered with sodium carbonate 7.5%, Gibco 25080) and regularly inspected microscopically for the occurrence of cytopathic effect (CPE). After 7 d of incubation at 16°C, supernatant from samples without CPE was diluted 1:100 and 1:1000, sub-cultured onto fresh cells and incubated for a further 7 d. When CPE was observed, the supernatant was collected and stored at −70°C for future studies.
ELISA for IHNV, IPNV, SVCV and VHSV
Aliquots of 50 µl of culture medium from cell cultures showing evidence of CPE were analysed with commercial ELISA kits according to the manufacturer's instructions to test for the presence of IPNV, SVCV, VHSV (Test-Line) and IHNV (Bio-X Diagnostics S.P.R.L.).
RNA extraction
The infected cell culture monolayers were harvested and the total RNA was extracted using the QIAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer's instructions.
PCR and sequencing
Primers F (5'-ACG AAC CCC CAG GAC AA-3'; modified from McColl et al. 2009 ) and A2 (5'-GAC AGG ATC ATC TTG GCA TAG T-3'; Bain et al. 2008) were used to amplify 776 bp of the IPNV VP2 gene. The 1-step RT-PCR reaction was performed using the QIAGEN OneStep RT-PCR Kit according to the manufacturer's instructions, and with 5 µl of RNA as a reaction template. PCR products were purified from agarose gel using MinElute Gel Extraction Kit (Qiagen). Both strands of the PCR products were sequenced using the Big Dye Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) and an Applied Biosystems 3130 Genetic Analyzer. The raw sequence data were analysed using Sequencing Analysis Software 5.1 (Applied Biosystems). Multiple sequence alignments of the sequence data obtained in this study and of some previously published IPNV VP2 gene sequences were performed using Clustal X version 2.1 (Larkin et al. 2007 ). Percent similarity values of sequence pairs were calculated using the MegAlign program from the DNASTAR Lasergene 10 application package. Maximum likelihood phylogenetic analyses were performed with MEGA version 6 (Tamura et al. 2013) . Several previously published viral VP2 gene sequences were included in the analyses: the GenBank accession numbers for the sequences used were AF342735 (Jasper), AF343572 (VR299), AF342729 (Ab), AY780919 (6B1A), AF342732 (Canada 1), AF342731 (Tellina virus 2), AF342733 (Canada 2), AF342734 (Canada 3), AJ622822 (Sp 31-75), AJ489229 (88R), AF342730 (He), AY283781 (Y-6) and AY283783 (H1).
RESULTS
Clinical signs, gross pathology and histopathology
Elevated mortalities were reported in 10 out of 35 IPNV-positive fish groups, varying from less than 1 to up to 40%. When mortalities exceeded 10%, concurrent bacterial infections (Flavobacterium psychrophilum and F. columnare) were always detected (Table 1) . Clinical signs were noted in 9 fish groups and consisted of mild to moderate signs, including a lack of appetite, aberrant swimming behaviour, abdominal distension and exophthalmia (Table 1) . Clinical signs were seen in both rainbow trout and whitefish in the smaller 0 yr age group, generally in first-feeding fish. Macroscopic lesions consisted of petechial bleeding in the peripancreatic fat around the pyloric caeca and dark coloration of the skin. Histopathological findings were only seen in rainbow trout and consisted of mild to severe necrotic pancreatitis appearing as coagulative necrosis in the exocrine pancreatic acinar cells (Fig. 1A) . Endocrine pancreatic tissue and peripancreatic fatty tissue were mainly intact. A varying degree of necrosis of the intestinal mucosa in pyloric caeca with intra-luminal inflammatory exudates including McKnight cells, i.e. apoptotic mucosal epithelial cells, was noted. Liver changes were observed in some cases consisting of moderate to severe haemorrhages in liver paren chyma and mild fo- cal necrosis. In one case, histo pathological changes in the pyloric region were noted in 1 yr old fish.
Immunohistochemical staining was performed on selected samples with microscopic lesions suggestive of IPN. A positive immunohistochemical staining reaction was observed in affected exocrine pancreatic tissue (Fig. 1B) and liver tissue. Clinical signs were observed at water temperatures varying between 15 and 21°C, and histopathological changes were detected in fish reared at water temperatures of up to 21°C (Table 1) .
Virus isolation and identification
IPNV was isolated in cell culture from 88 out of 194 pooled samples investigated. Virus isolation was also successful from samples collected at temperatures above 14°C, which is the upper temperature limit in routine risk-based surveillance for fish viruses (European Commission 2001). In one case, one cell culture negative sample was detected as PCR-positive from pooled organs (Table 1) . In this single case, both virus isolation and RT-PCR were used in order to verify the disease status of broodfish. Regarding the rest of the samples studied, isolates were initially identified as IPNV by the typical cytopathic effect always associated with IPNV-infected cell cultures of BF-2 and, occasionally, EPC cell lines. The isolated viruses were identified as IPNV by ELISA and RT-PCR. The samples were negative for IHNV, spring viraemia of carp virus (SVCV) and viral haemorrhagic septicaemia virus (VHSV) by ELISA.
Sequence analyses
Altogether, 85 IPNV isolates were sequenced and analysed based on the partial viral capsid protein (VP2) gene region. Among the isolates studied, 29 unique VP2 sequence types were detected (Table 2) , of which 23 belonged to IPNV Genogroup 2, and 6 to Genogroup 5 based on phylogenetic analyses and sequence pair similarity values (Fig. 2, Table 3 ). Genogroup 5 isolates were only found at the coastal fish farms, whereas Genogroup 2 isolates were detected at both the inland and coastal farms. The overall sequence pair similarity among the Finnish Genogroup 2 isolates (FI-2) varied between 97.6 and 99.9% for nucleotide sequences (737 bp) and between 96.7 and 100% for amino acid sequences (245 aa). Among the Genogroup 5 isolates (FI-5), the similarity values for nucleotide sequences were 98.2 to 99.9% and for amino acid sequences 98.0 to 100%. All isolates studied, except for sequence types FI-2-17 and FI-2-23, had an amino acid pattern associated with low virulence in the VP2 gene: proline at residue 217 and threonine at residue 221 (Santi et al. 2004 , Song et al. 2005 . Sequence types FI-2-17 and FI-2-23 had serine in position 217 and threonine in position 221. The first IPNV isolate (VP2 sequence type FI-2-1) found in the inland area in 2012 was similar to the isolate already detected at one of the coastal farms in 2011 (Farm ID 1S, Table 2 ). Subsequently, in 2012, 2013 and 2014, the sequence type FI-2-1 was detected at several other inland and coastal farms. On some of the farms (Farm ID 21S, 1B, 2B, 7A, 3S and 22S, Table 2), 2 different VP2 sequence types were detected during the same year. Representative VP2 gene sequences were submitted to the NCBI GenBank with the corresponding ac cession numbers as listed in 
Epidemiology and geographical location of positive farms
The location of the main water catchment areas of the inland farms positive for IPNV Genogroup 2 is indicated in Fig. 3 . These farms are located in 3 main water catchment areas (Areas A−C in Fig. 3 ) and in 1 area located coastally but separated from the coast by a restriction on fish movement from the sea to freshwater by a physical barrier (Area D in Fig. 3 ). The majority of the positive farms belong to 2 separate owners, and based on epidemiological investigations, no connections, including the movement of fish, exist between these 2 businesses. Two individual IPNV-positive farms with no apparent connection to other IPNV-positive farms were also detected. Epidemiological investigations could not determine an infection route from the sea area to the affected farms in the inland areas. There has been annual live fish transportation from the water catchment areas A and B to the brackish water area in the Baltic Sea, but not vice versa. Transport vehicles undergo disinfection after each transportation of fish to brackish water at specific washing locations. Area D is located very close to the brackish water area but lacks direct water contact. Live fish movement from Area B to D has occurred but not directly from IPNV-positive fish groups.
DISCUSSION
Finnish fish production is roughly divided into brood fish and fry production in the inland area and food fish production in the sea area. Fish transfer from the brackish water sea area to the inland area is restricted by legislation. The Finnish inland area was IPN-free until 2012 and is still free of IPNV Genogroup 5 viruses. There are around 240 farms rearing IPN susceptible species, of which around approximately 140 are located in inland waters. Between 150 farms per year were tested for IPN. During this period, the number of positive farms from which IPNV was isolated varied from 1 to 9 annually, with all of these being located in the sea area. IPNV isolations from the sea area have generally occurred from adult fish with no clinical signs of disease in connection with the surveillance of viral diseases. A few isolations at sea have been carried out in association with bacterial pathogens causing clinical disease. In Europe, most IPN outbreaks reported in salmonids have been due to infection with IPNV isolates of Genogroup 5 (Serotype Sp) (Melbye & Christie 1994 , Bain et al. 2008 , Ruane et al. 2009 ). Moreover, Genogroup 5 isolates have been shown to be more virulent in rainbow trout than Genogroup 2 (Serotype Ab) isolates (Novoa et al. 1995) . Here, all the inland isolates studied belonged to Genogroup 2, whereas IPNV isolations from the sea area consisted of both Genogroups 2 and 5. Three sequence types (FI-2-1, FI2-2-2 and FI-2-3) of Genogroup 2 isolations from the sea area were similar to prior isolations from the inland area, reflecting the practice of moving juvenile fish from the inland area to the sea area for further rearing. One finding of Genogroup 2 sequence type FI-2-1 in the sea area in 2011 prior to the inland findings provides strong support for the assumption that the infection of inland farms originates from the sea area, although this has not yet been verified.
IPN is generally considered a coldwater disease, with clinical disease and increased mortality peaking at 10°C and decreasing at 15°C (Frantsi & Savan 1971 , Lapierre et al. 1986 , Okamoto et al. 1987 . In Finland, IPNV infection was encountered at water temperatures as high as 22°C, which is much higher than generally cited in the literature. Clinical signs of disease and histopathological changes typical of IPN were also seen at water temperatures as high as 21°C. Whether this is connected with the specific strains of virus is yet to be shown. The change in the temperature range of the virus causing clinical disease is of importance with regard to economic consequences, as it lengthens the susceptible time period for the disease. This is especially true if the overall virulence of the present Genotype 2 viruses were to increase. A possible way to minimise economic losses due to clinical disease is to avoid rearing susceptible age groups during the warm water period.
Because routine risk-based viral sampling is conducted at water temperatures below 14°C, the prior, non-detected presence of a low pathogenic IPNV in the inland area is a possibility. The fact that disease investigations during the warm-water period usually do not include viral sampling supports this. However, histopathological investigations would have revealed an ongoing clinical infection, and lesions typical of IPN had not been detected before the present epidemic.
The pathogenicity of IPNV isolates has repeatedly been associated with certain VP2 amino acids (Bruslind & Reno 2000 , Santi et al. 2004 , Shivappa et al. 2004 , Song et al. 2005 . In the present study, isolates from both Genogroups 2 and 5 exhibited a low to nonvirulent VP2 amino acid pattern at positions 217 and 221, which corresponds with the mild clinical signs detected at Finnish farms. Histopathological changes typical for IPN were observed; however, the recorded mortalities were generally low. Several factors affecting pathogenicity have been recorded, including environmental stress (Taksdal et al. 1998) , the strain of virus (Song et al. 2005 ) and an inherited factor in host immunity (Ozaki et al. 2001) . It has been shown that a low pathogenic Genogroup 5 IPNV strain can demonstrate pathogenicity in persistently infected Atlantic salmon subjected to stress (Gadan et al. 2013) . Even though similar studies have not been performed with Genogroup 2 IPNV isolates, the recent introduction and rapid spread of Genogroup 2 IPNV in Finnish inland farms might be a cause of future disease outbreaks and pose a possible threat to the fish farming industry.
The reason for the present spread of IPNV Genogroup 2 within a short period of time into 3 different inland water catchment areas is still to be explained. In general, IPN outbreaks can be a result of vertical transmission, poor biosecurity in the production system or contaminated water supplies. No direct infection routes have been established by epidemiological investigations, except for the 2 farms directly linked with a positive farm through live fish transfers. The farms have used roe from domestic and previously IPN-free broodfish, and no imports have occurred. The possibility of an infection carried by wild fish cannot be ruled out, since all affected farms are directly connected with surface waters; however, the infection occurred in 3 separate water catchment areas within a short time frame. No systematic, targeted surveys on the occurrence of IPNV in wild fish in Finnish waters have been carried out. However, wild salmonid broodfish and other wild salmonids sent to Evira are tested yearly for IPN, both from the sea area and the inland area, and no IPNV has been found in inland waters. In Norway, where IPNV is widely spread in cultured salmon, only a few infections have been found in migrating wild salmonids, suggesting that the spread of the virus is determined more by the size, density, movement and management of the host populations than the virus itself (Brun 2003 , Garseth & Biering 2015 . Although epidemiological investigations could not identify an infection route, the most probable causes for the spread of the disease include vehicles for transporting live fish and feed, vaccination equipment and the movement of people between farms.
The initial isolation was carried out from fish farmed in a RAS. Due to the nature of this rearing system, possible stressors such as a high fish density or suboptimal water quality parameters may reduce the fish immune defence, thus increasing susceptibility to disease (Noble & Summerfelt 1996) . Furthermore, due to the reuse of circulating water, the pathogen load may increase more rapidly in this type of system compared to flow-through systems.
Attempts to eradicate the disease were made at Farm 3A. The measures for eradication consisted of destruction of fish, thorough mechanical cleaning and disinfection of tanks and equipment followed by fallowing for 1 mo. However, the virus was found again the following year, and the eradication attempt had thus failed. Four out of 5 farms initially infected in 2012 were positive even in 2013, showing the persistent nature of the virus. The possibility of IPNV-positive wild fish in the proximity of the virus-positive farms has to be considered when evaluating the management of the infection, as all affected farms use surface water or have cages directly placed in lakes. At farms with cages in lakes, no eradication measures could be taken into consideration, and the possibility of virus-positive wild fish in this area can be considered high. Further attempts to eradicate IPNV Genogroup 2 infections in the inland waters of Finland were not made due to the persistence of the virus, the possibility of IPNV-positive wild fish and use of surface water, as well as the large size of the affected farms and the obscurity of the initial infection route of the virus. The legislative disease control of IPN in Finnish inland waters is now limited to Genogroup 5, as the potentially more virulent IPNV Genogroup 5 exists endemically in Finnish coastal waters, with the inland area remaining free. The most important means of preventing the spread of this genogroup to inland waters is the restriction of fish and egg transfer from areas not known to be free of IPNV Genogroup 5. Effective health control of brood fish stocks is also essential. Further studies on the pathogenicity of Finnish IPNV Genogroups 2 and 5 are also warranted to evaluate the need for control of IPN in the inland waters of Finland. 
